The selective RNA-binding protein QKI play a key role in advancing oligodendrocyte-dependent myelination, which is essential for the function and development of the CNS. The emerging evidence that QKI abnormalities are associated with schizophrenia and may underlie myelin impairment in this devastating disease has greatly increased interest in understanding the function of QKI. Despite the discovery of the biochemical basis for QKI-RNA interaction, a comprehensive model is currently missing regarding how QKI regulates its mRNA ligands to promote normal myelinogenesis and how deficiency of the QKI pathway is involved in the pathogenesis of human diseases that affect CNS myelin. In this review, we will focus on the role of QKI in regulating distinct mRNA targets at critical developmental steps to promote oligodendrocyte differentiation and myelin formation. In addition, we will discuss molecular mechanisms that control QKI expression and activity during normal myelinogenesis as well as the pathological impact of QKI deficiency in dysmyelination mutant animals and in human myelin disorders.
specification, growth/differentiation, migration and cell-cell communication [9] . Indeed, QKI has been shown to impact cell cycle progression and differentiation, and play essential roles in the establishment of various cell lineages during development [11] [12] [13] . Furthermore, QKI is the founding member of a protein family named signal transduction activator of RNA, owing to its amino acid domains characteristic of interaction with both RNA and signal-transduction molecules [14] . The phosphorylation-dependent regulation of QKI's RNA-binding activity [15] supports the idea that QKI may act as a pivotal factor connecting posttranscriptional regulation with developmental signals [14] .
Much attention has been delivered to the role of QKI in myelin development in the CNS, because a genetic deletion at the mouse qkI locus causes severe CNS dysmyelination in the well-known quakingviable (qk v )-mutant mice [13] . In addition, more recent studies demon strate that QKI is necessary and sufficient for promoting rodent oligodendrocyte (OL) differentiation [3, 16] . Although the function of the QKI protein in human OLs has not been characterized, the highly conserved genes driving CNS myelination and the identical amino acid sequences in rodent and human QKI proteins suggest that QKI most likely play an important role in regulating human myelination as well. It has been known for decades that OLs are solely responsible for CNS myelination. Neuronal axons are ensheathed by specialized OL membrane lamellae composed of highly abundant myelin structural proteins and lipids, which maintain saltatory conductance and allow for rapid information flow between distant brain areas. Thus, the recent discovery of OL and myelin impairment in schizophrenia (SCZ) offers a plausible explanation for the deficits in long-range connectivity, the characteristic clinical phenotype of this mental morbidity (for recent reviews see [17] [18] [19] [20] ). In particular, the emerging evidence that reduced QKI expression and genetic alterations in the human QKI gene are associated with SCZ patient brains [21] [22] [23] [24] raises an intriguing possibility that QKI deficiency may be an underlying factor for the myelin etiology in SCZ. However, no comprehensive model has been proposed to describe how QKI regulates distinct mRNA ligands during OL development to promote myelinogenesis, and how deficits in the QKI pathway lead to myelin impairment. Moreover, how QKI expression and activity are regulated during normal myelin development and how misregulation of QKI may occur in human diseases that affect CNS myelin, represented by SCZ and multiple sclerosis (MS), remains poorly understood. In this review, we will focus on the function of QKI isoforms in regulating OL-specific targets at key steps of myelin development, the mechanisms that regulate QKI expression and activity, and the potential pathologic impact of QKI in myelin-related human diseases. Readers are referred to other recent publications for the full capacity of information regarding the general RNA-binding properties of QKI, the bioinformatically identified QKI mRNA ligands and the function of QKI orthologs in nonmyelin tissues and invertebrates [1, 10, [25] [26] [27] .
Essential roles of QKI in advancing OL development & CNS myelination
To date, most of the studies regarding QKI function have been conducted in mouse models. The first clue that QKI may be important for CNS myelination is suggested by the severe dysmyelination phenotype found in the mutant mice homozygous for a spontaneous recessive allele named quaking [28] . The mutant has a normal life span, and hence is referred to as 'qk v ' later to contrast the spontaneous dysmyelination mutations that affect longevity [29] , as well as the N-ethyl-N-nitrosourea (ENU)-induced mutations in the qkI locus that result in recessive embryonic lethality [30] . Homozygous qk v mice (qk v /qk v ) form only 5-10% of the normal amount of myelin in the CNS, and the limited amount of myelin usually fails to compact [13, 29] . Consequently, qk v /qk v mice suffer from vigorous tremors beginning at around postnatal day 10, when myelin function becomes critical. The severity of the phenotype progressively increases with age and is often accompanied by clonic-tonic seizures. Many key myelin structural proteins are markedly reduced. However, no mutations were found in any myelin structural genes, suggesting that the qk v mutation must affect a regulatory gene essential for myelination. The qk v lesion, identified in 1996 by the Artz group [4] , encompasses a genomic deletion greater than 1 Mbp on mouse chromosome 17. qk v deletes the protein coding sequence of parkin and parkin coregulated (pacrg) and extends to approximately 900 bp upstream to the transcription start site of qkI, which is predicted to contain an OL-specific enhancer for qkI transcription [31, 32] . As a result, expression of the qkI gene is specifically reduced in qk v /qk v OLs [5, 33] .
Unlike in humans, where loss-of-function mutations in parkin lead to autosomal juvenile Parkinson's disease, the deletion of parkin and pacrg in qk v /qk v mice does not result in Parkinson-like, dopaminergic neuropathology [32] . Moreover, ENU-induced missense mutations in qkI fail to complement the dysmyelination in compound qk v heterozygous mice, indicating that neither parkin nor pacrg is responsible for the qk v dysmyelination phenotype [30] . These early studies suggest that deficiency in qkI gene expression in OLs is the cause for the dysmyelination phenotype. Consistent with this view, a new ENU-induced mutation (qk e5 ), which maps to the qkI locus yet is outside the qkI coding region, causes diminished QKI expression in OLs and severe dysmyelination similar to that in the qk v /qk v mutant [34] .
The 3' coding exons in human and mouse QKI primary transcripts are subjected to extensive alternative splicing, which generates four mRNA isoforms, each giving rise to a QKI protein isoform with distinct amino acids in the very C-terminus ( Figure 1 ) [4, 31] . QKI protein isoforms are named QKI-5, -6, -7 and -7b [31] , based on the length (kb) of the corresponding mRNAs. Little is known regarding the expression and function of QKI-7b, which was discovered more recently. Interestingly, QKI isoforms are differentially affected in the qk v / qk v mutant. QKI-6 and -7 are more severely reduced than QKI-5 [5, 33, 35] , which cannot be a direct consequence of the transcriptional misregulation of qkI due to the qk v deletion. Therefore, QKI expression must also be affected by undefined post-transcriptional and/or posttranslational mechanisms in the qk v /qk v mutant.
The direct evidence demonstrating that QKI is indeed required for CNS myelination is provided by a recent report, in which OL-specific expression of QKI-6, the most abundant QKI isoform in the brain, can rescue the dysmyelination and tremor phenotype in the qk v /qk v mice [35] . At the molecular level, deficits in major myelin structural proteins are completely restored at the peak of myelination. However, in earlier postnatal days, the QKI-6 transgene only selectively rescues the expression of its high-affinity mRNA ligands, represented by myelin basic protein (MBP) mRNA. This suggests that QKI-6 alone may not be sufficient for early myelinogenesis. Other QKI isoforms must also be necessary for advancing OL/myelin development.
Consistent with the idea that QKI is also required for promoting early OL development before myelin formation, elimination of QKI by RNAi in OL progenitor cells (OLPs) abrogates morphologic differentiation and delays OL maturation [16] . The blockade of differentiation can only be partially rescued by individual QKI isoforms, suggesting that more than one QKI isoform is needed to achieve full activity for OL differentiation. Reciprocally, overexpression of QKI isoforms in OLPs enhances OL differentiation [3, 16] . These observations indicate that QKI is necessary and sufficient for advancing OLP differentiation, in addition to its functional necessity in actual myelin synthesis.
QKI regulates distinct mRNA targets at different stages of OL development & myelination
In various examples, QKI has been shown to govern the splicing, stability, translation and subcellular localization of its bound RNA ligands in rodent OLs and model cell lines [7, 15, 26, [36] [37] [38] . The RNA-binding activity of QKI depends on the hnRNP K homologous domain and the immediately adjacent QUA2 domain shared in all QKI isoforms ( Figure 1 ) [1, 39] . The N-terminal QUA1 domain mediates dimerization between QKI isoforms, which is also important for binding RNA [40, 41] . Purified recombinant QKI directly interacts with the QRE, which contains a core sequence of ACUAAY sufficient for binding QKI [9, 10, 39] , often accompanied by UAAY located within 1-20 bp to form a bipartite motif [9] . Bioinformatic analysis identified 1433 mouse mRNA species that harbor one or more QREs, among which a small group of mRNAs has been confirmed to associate with QKI in the developing brain [9] . In addition, almost all functionally validated QKI target mRNAs carry QREs in their 3'untranslated region (3'UTR). Interestingly, many of the QRE-containing QKI ligand mRNAs are conserved between mouse and human. However, no direct evidence has been reported to demonstrate the influence of QKI to any putative human mRNA targets, except the association of QKI deficiency with altered expression of some QRE-containing OL mRNAs in the SCZ brains [21] . Thus, the functional influence of QKI on rodent mRNA targets discussed below may or may not always apply to the corresponding human genes.
Unfortunately, the bioinformatically defined QRE does not predict OL-specific functional targets of QKI that play critical roles at different stages of OL development. As illustrated in Figure 2 , OL development can be divided into several key steps based on the drastic morphological changes before the ultimate formation of myelin on axons. Tightly regulated expression of distinct genes, in response to various extracellular and intrinsic developmental signals, marks cells at various stages in the OL lineage and governs the progression of myelinogenesis [42, 43] . A prevailing issue in understanding how QKI advances OL and myelin development is to delineate the function of each QKI isoform in regulating d evelopmental stage-specific mRNA ligands.
Oligodendrocytes are derived from pluripotent neural stem cells in which QKI-5 is detected [44] . During neuron-glia fate specification, QKI expression is silenced in neurons but maintained in various glia types [44] . Thus, QKI is recognized as one of the earliest glial markers [45] and is implicated in neuron-glia fate determination [44] . Consistent with this notion, the Sox10 mRNA, which encodes a basic helix-loop-helix (bHLH) transcription factor known to play key roles in OL fate decision and early OL lineage establishment [46] , harbors a putative QRE in the 3'UTR that is conserved in human and mouse [21] . Furthermore, deficiency of QKI in SCZ brains is found to associate with reduced expression of the Sox10 mRNA [21] , suggesting that Sox10 is one of the functional targets for QKI in early OL lineage establishment. More interestingly, mouse mRNAs encoding several other Sox family members, including Sox2, Sox21 and Sox30, are also predicted to contain QREs [9] . However, whether these mRNAs are indeed bound and regulated by QKI has not been validated.
Upon entering the OL lineage, the bipolar-shaped OLPs and the immature OLs with simple processes ( Figure 2 ) continue to proliferate until they become terminally differentiated. QKI-5, -6 and -7 are all present in OLPs before they differentiate and migrate away from the subventricular zone, with QKI-5 being the most abundant [44] . The transition from proliferation to differentiation is a key step in OL development, in which the cyclin E/cdk2 inhibitor p27 kip1 plays a critical role in cell cycle arrest [45, 47, 48] . Mouse p27 kip1 mRNA harbors a QRE in its 3'UTR that mediates QKI binding [3] . Moreover, forced expression of QKI stabilizes p27 kip1 mRNA, increases p27 kip1 protein expression and enhances cell cycle exit and differentiation of primary cultured OLPs. Although these observations indicate p27 kip1 is a functional target for QKI to control OLP proliferation, overexpression of p27 kip1 alone is not sufficient to drive OLP differentiation, despite the success in cell cycle arrest [49] . Loss of p27 kip1 did not alter the timing for OLP differentiation in vivo [45] . In addition, siRNA-mediated QKI knockdown abrogates the differentiation of an OLP cell line without affecting proliferation [16] . Therefore, QKI must also act on additional t argets to advance OLP differentiation.
One such QKI target is the microtubule associated protein 1B (MAP1B), which promotes microtubule assembly and morphogenesis of OLPs before myelin synthesis occurs [50, 51] . Multiple copies of the bipartite QRE are clustered in a region within the rodent MAP1B 3'UTR, which mediates in vitro binding of QKI [52] . In cultured OLPs, elimination of QKI results in reduced stability of the MAP1B mRNA. Reciprocally, forced expression of QKI increases MAP1B expression. Moreover, in the developing mouse brain, MAP1B protein and QKI-7 are co-upregulated in OLs upon their physical interaction with neuronal axons [53] . These results indicate that MAP1B mRNA is a representative target of QKI during OL morphogenic differentiation and the initial phase of myelin ensheathment.
The final stage of OL development is myelin formation. Numerous myelin structural proteins are rapidly synthesized and accumulated to very high levels specifically in OLs, which is essential for the formation of the specialized myelin lamellae [29, 54] . At least three of the most abundant myelin structural protein mRNAs, which encode the MBP, proteolipid protein (PLP) and myelin-associated glycoprotein (MAG), are demonstrated as functional targets of QKI in the mouse. MBP is essential for myelin compaction, and is the only major myelin structural protein whose absence causes failure in CNS myelination [29] . PLP is responsible for the formation of intraperiod lines in the compact myelin and MAG is important for axon-glia interaction and the formation of the nodes of Ranvier. The MBP mRNA is the bestcharacterized QKI mRNA ligand [7, 39] , and binds QKI with higher efficiency in vivo than other myelin mRNAs [35, 37] . QKI deficiency in the qk v /qk v mutant causes destabilization of MBP and PLP mRNAs [37] , which can be rescued by the QKI-6 transgene driven by the OLspecific PLP promoter [35] . Importantly, when the QKI transgene is expressed at low levels during early development, MBP expression, but not PLP expression, is selectively rescued in the qk v /qk v mutant [35] , suggesting that MBP mRNA is a preferential t arget for QKI in mouse myelinogenesis.
Besides the functional impact on mRNA stability, QKI isoforms also control mRNA splicing and subcellular localization during myelination [7, 38] . Importantly, QKI isoforms do not always localize to the same subcellular compartment. The unique C-terminus of QKI-5 contains a nuclear localization signal (Figure 1 ), which allows QKI-5 to be predominantly localized to the nucleus at steady state, despite its ability of nuclear-cytoplasmic shuttling [5, 6] . By contrast, the rest of the QKI isoforms are largely detected in the cytoplasm, and can be transported to the distal processes of mature OLs [5, 53] . As a consequence, QKI isoforms exert a distinct influence on their mRNA targets. During normal OL development, the MBP mRNA is transported into the distal region of OL processes and compact myelin to support local translation of MBP protein [55] . Despite the essential function of QKI in stabilizing the MBP mRNA and accelerated production of the MBP protein, overexpression of QKI-5 causes nuclear retention of the MBP mRNA in rodent OLs, which negatively affects MBP protein synthesis [7] . In addition, the less severe reduction of QKI-5 in the qk v mutant results in unbalanced QKI isoforms [5, 7, 33] , which may explain the aberrant accumulation of MBP mRNA in the nucleus and the perikaryon [7, 55] , as well as the failure in targeting the MBP mRNA into compact myelin [37] . Unlike MBP mRNA, in which the 3'UTR mediates QKI-binding [9, 37, 39] , a 53-nucleotide intronic segment in the mouse MAG pre-mRNA binds QKI-5 and mediates QKI-5-dependent alternative splicing of MAG [38] . Whether this interaction is nuclear-specific, perhaps facilitated by other splicing factors, remains elusive. Nonetheless, the small isoform of MAG, predominantly expressed in normal adults, becomes aberrantly elevated during early development with concurrent reduction of the alternatively spliced large MAG in qk v /qk v mutant mice [38, 56] , as well as in SCZ brains [21] . In both cases, the cytoplasmic QKI-7 is preferentially reduced [5, 21, 33] . Thus, whether cytoplasmic QKI isoforms may coordinate with QKI-5 in regulating splicing is an intriguing question to be addressed by future studies.
Taken together, the above evidence indicates that QKI acts on distinct mRNA targets at different stages of OL development. Regardless of the significant progress made in understanding QKI-RNA interaction and the functional requirement of QKI in myelinogenesis in animal models, the entire pool of QKI mRNA targets at each critical stage of OL development still remains elusive. Identification of QKI targets that govern different steps of OL development, possibly by microarray analysis of OL mRNAs co-immunoprecipitated with QKI at different developmental windows, will greatly improve our knowledge regarding how the QKI pathway advances OL development and how QKI deficiency impacts myelin disorders.
Developmental regulation of QKI isoforms: a double play of transcription & splicing
Since the qk v deletion is located upstream of the qkI transcription start site and causes severe reduction of all the QKI mRNAs isoforms in myelinating OLs and Schwann cells [57] , it is believed that qk v must affect a cell type-specific enhancer that tightly controls qkI transcription in myelinating cells. However, such an enhancer still remains to be identified. In fact, no published studies have specifically examined qkI transcription in OLs during development. The previously reported northern blot ana lysis, using total brain RNA, revealed increased QKI-6 and -7 mRNAs during the active phase of myelinogenesis with a concurrent decline of QKI-5 mRNA [5] , but could not definitively address how qkI transcription is regulated. Nonetheless, since qk v does not affect QKI expression in non-myelinating tissues [57] , the DNA sequence downstream of qk v must harbor sufficient promoter activity.
Sequence analysis revealed that the mouse qkI promoter is GC-rich and lacks a TATA box [31] . Several potential binding sites for the Sp1 zinc finger transcription factor can be predicted surrounding the qkI transcription start site [31] . Sp1 is expressed in OLs and known to be upregulated during OL differentiation owing to p27 kip1 -dependent stabilization of the Sp1 protein [58] . Whether Sp1 indeed binds to the qkI promoter and whether the developmentally programmed upregulation of Sp1 enhances qkI transcription during OL differentiation still remain to be determined. Nonetheless, since Sp1 is broadly expressed in nearly all cell types, it is unlikely to be responsible for OL-specific transcription of qkI. Whether OL-specific transcription factors, represented by the bHLH family that controls OL fate determination and differentiation [59, 60] , may also regulate qkI transcription is an intriguing possibility to be explored. Considering the key roles of histone acetylation-dependent chromatin modulation in regulating transcription during OL development [61] , qkI transcription may also be modulated by histone acetylation, which in turn alters the accessibility of t ranscription factors at the qkI promoter.
Obviously, transcription is not the only mechanism that controls QKI expression. The reciprocal changes in the developmental profile of mRNA isoforms derived from qkI [5] suggest regulation of alternative splicing of the pre-mRNA. This idea is further supported by the fact that mRNA isoforms encoding various QKI protein isoforms are differentially affected in the qk v /qk v mutant as well as in SCZ patients [21, 33] . This is not surprising, considering the fact that most myelin-specific gene transcripts are subjected to extensive alternative splicing and the isoform patterns are vigorously regulated during development [2, 13, 29] . The alterations in the expression levels of splicing factors during OL development, as represented by the reduction of hnRNP A1, H and L [62, 63] , likely contributes to the regulation of alternative splicing of qkI.
Sequence analysis of the 3' intron-exon boundaries of qkI reveals several interesting features that may provide a molecular basis for the extensive alternative splicing of qkI (Figure 3 ). The alternative splicing of downstream exons exclusively occurs at the 3' end of exon 6, the last common exon in each QKI isoform (Figure 1) . The 3'-splice site of exon 6 displays perfect homology with the consensus donor sequence (Figure 3, top panel) . All the alternatively spliced qkI introns are flanked by GU---AG, which satisfies the primary requirement for splicing [64, 65] . However, none of the acceptor sites at the intron-exon boundaries downstream of exon 6 matches with the consensus sequence (Figure 3 , bottom panel). Multiple mismatched bases indicated by bolded letters are found in these acceptor sites in all the vertebrate species examined, suggesting these unusual splice acceptor sites are evolutionarily conserved. Presumably, these imperfect acceptor sequences could result in weak binding by the spliceosome complex, and hence they may need help from specific splicing factors to generate the QKI isoforms during OL development.
It is peculiar that the QKI-5-specific exon 7c is at the most 3'-end yet appears to be the default splice site, since QKI-5 is the predominant isoform during embryonic development and in many non-glia adult tissues [5, 33] . In addition, the acceptor site in exon 7c contains more mismatched bases compared with the upstream acceptor sites (Figure 3, bottom panel) . Thus, a plausible hypothesis predicts that splicing suppressors must block acceptor sites upstream of exon 7c in order to allow the formation of the QKI-5 transcript. Conceivably, developmentally programmed downregulation of these suppressors may lead to increased production of QKI-7 and -6. The decline of several hnRNP splicing suppressors during OL differentiation [63] is consistent with this idea, although which factor is involved in regulating qkI splicing remains elusive.
An alternative possibility for the differential expression of QKI isoforms concerns the differential stability of these mRNAs. All QKI mRNAs harbor lengthy 3'UTRs of 4-6 kb. The 3'UTR in QKI-5 is unique whereas the 3'UTRs in QKI-6 and -7 are largely overlapping and contain numerous AT-rich elements that may mediate the degradation of QKI mRNAs via the canonical mRNA decay mechanism [66, 67] . In addition, QKI may regulate its own expression, since predicted QREs are also found in the 3'UTRs of both human and mouse QKI mRNA isoforms [9] . Whether QKI mRNA isoforms indeed display differential stability during OL development needs to be determined in future studies.
Phosphorylation of QKI: linking developmental signals to mRNA cellular behavior
Many signal-transduction proteins harbor Srchomology 3 (SH3) domains [68, 69] . The presence of proline-rich putative SH3-binding motifs following the RNA-binding domain in QKI ( Figure 4A ) leads to the hypothesis that QKI may bind SH3 domain-containing proteins in the signal transduction pathway besides its mRNA ligands, thus connecting developmental signals to mRNA homeostasis [14] . In support of this hypothesis, more recent studies demonstrated that the C-terminal tyrosine cluster of QKI, but not the N-terminal tyrosine residues ( Figure 4A) , are phosphorylated by the Src family protein tyrosine kinases (Src-PTKs) in transfected cells, brain lysates, and isolated compact myelin membranes [15] . Although QKI does not form a stable complex with Src-PTKs, mutating one of the predicted SH3-binding motifs in QKI significantly reduced Src-dependent phosphorylation of QKI [15] . More importantly, Src-PTK-mediated phosphorylation of QKI negatively regulates the ability of QKI to interact with the MBP mRNA, one of the best characterized QKI mRNA ligands [15] . Whether such regulation occurs with other QKI mRNA ligands still awaits future analysis. Considering the vigorous regulation of Src-PTK activity during OL and myelin development [70] [71] [72] , Src-PTK-mediated phosphorylation of QKI offers a practical mechanism to regulate the cellular behavior of QKI mRNA ligands at various post-transcriptional steps.
In the developing OLs, Fyn is the major Src-PTK member [71] . A convincing set of data demon strates the essential function of Fyn in OL and myelin development. Upon induced differentiation of primary cultured OLPs, the activity of Fyn, but not other Src-PTKs, is drastically increased [71] . In addition, inhibition of Fyn activity prevents OL differentiation. During in vivo myelin d evelopment, Fyn is regulated bidirectionally ( Figure 4B ). The activity of Fyn is gradually increased in the initial phase of myelinogenesis, followed by a developmentally programmed decline in the second postnatal week [70, 72] . fyn −/− mice suffer from impaired OL differentiation, abnormal MBP expression/phosphorylation, and deficits in myelin synthesis, especially abnormal formation/maintenance of the compact myelin [57, 70, [73] [74] [75] [76] . It is important to note that the myelin defects in fyn −/− brain exist despite the upregulation of s everal other Src-PTKs as a compensatory response to the lack of Fyn [77] . Thus, the function of Fyn in myelinogenesis cannot be substituted by other Src-PTKs.
Despite the critical role of Fyn in early OL differentiation [71] , fyn −/− brain does not show MBP deficiency and hypomyelination until accelerated myelinogenesis starts in wild-type brain during the second postnatal week [33] . The level of MBP accumulates more slowly in the fyn −/− forebrain in the most vigorous phase of myelin synthesis and never reaches the level of wild-type controls. Importantly, the onset of hypomyelination in fyn −/− brain occurs within the developmental window when Fyn activity declines in wild-type brain [72, 75] , suggesting that reduced Fyn activity may release a repression mechanism for myelination during normal development. The negative regulation of QKI's RNA-binding activity by Src-PTKs is a candidate for such regulation. The decline of Fyn activity upon maturation of OLs and the initiation of myelin formation should facilitate the interaction between QKI and MBP mRNA. This, in combination with the increased QKI-6 and -7 expression in the cytoplasm and decreased expression of the nuclear QKI-5 ( Figure 4B ), presumably should increase the cytoplasmic stability of the MBP mRNA and the expression of MBP protein. Indeed, the decline of Src-PTK-dependent tyrosine phosphorylation of QKI in isolated myelin correlates with the rapid accumulation of MBP protein [15] . By this means, QKI conceivably converts the developmentally programmed downregulation of Fyn into a positive signal in posttranscriptional r egulation of MBP accumulation and a ccelerated myelin synthesis.
Whether and how Fyn and QKI may also functionally coordinate in early OL differentiation before active myelinogenesis remains unknown. It is particularly puzzling that both QKI and Fyn are upregulated and play important roles in advancing OL differentiation, yet Fyn negatively regulates QKI's RNA-binding activity. Importantly, QKI-5 is the predominant isoform during early OL differentiation when Fyn activity is upregulated ( Figure 4B ). By contrast, the cytoplasmic QKI isoforms are expressed at low levels before initiation of myelinogenesis [44, 53] . Despite the ability for QKI-5 to shuttle between nucleus and cytoplasm [6] , at steady state QKI-5 is predominantly localized in the nucleus, which is known to cause nuclear retention of its mRNA ligands [7] . Thus, although QKI-5 may stabilize mRNAs that are important for OL differentiation, represented by the p27 kip1 mRNA and the MAP1B mRNA [3, 52] , these mRNAs may need to dissociate from QKI-5 in order to exit the nucleus and to allow translation of the corresponding proteins in the cytoplasm. Therefore, an intriguing hypothesis can be postulated that Fyn-dependent phosphorylation of QKI-5 and the negative effect on QKI's RNA-binding activity may serve as a means for releasing nuclear retention of mRNAs during early OL differentiation, an idea that deserves investigation by future studies.
Besides Fyn, other kinases have also been shown to play important roles in promoting OL development and myelination. Recent discoveries revealed that Cdk-5, a serine/threonine kinase that is key for brain development [78, 79] , is activated upon OL differentiation and plays an essential role in supporting the development of OL processes [80] . In addition, transgenic mice harboring forced Akt signaling exhibit overproduction of myelin without affecting OL proliferation [81] . Furthermore, MAPK pathways have also been demonstrated to play important roles in OLP migration, proliferation, survival and differentiation [82, 83] . Nonetheless, whether these signal transduction pathways are connected with QKI function still remains elusive. It is also worth mentioning that in addition to phosphorylation, QKI can also be arginine-methylated [84] . Whether and how other post-translational modifications on QKI also modulate its RNA-binding activity still remains to be addressed by future studies.
QKI & myelin disorders: potential roles of QKI in schizophrenia & myelin repair in multiple sclerosis
Although little is known about the function of human QKI, the essential role of QKI in mouse myelin development [35] , the similarity in the organization of mouse qkI gene and human QKI gene, and the identical amino acid sequence of QKI in human and rodents [31, 85] together suggest that QKI most likely plays key roles in myelination of the human CNS. Growing evidence from neuroimaging and neuropathological studies has revealed that impairment of OL and myelin development is a common morbidity in major psychiatric disorders represented by SCZ [17, 20] . In particular, QKI deficiency is implicated in the etiology of myelin defect in SCZ [21, 23] .
The human QKI gene is located at chromosome 6q26 [85] . Interestingly, 6q25-27 has long been recognized to contain susceptibility loci that associate with SCZ [86, 87] . Most recently, one locus was mapped to a 0.5 Mb region in which QKI is the only known gene [22] . It is particularly interesting that two SNPs located in intron 3 and 7b of the QKI gene, respectively, are shown to cosegregate with the majority of SCZ individuals in a large pedigree [22] . In addition, several independent studies demonstrate reduced QKI mRNA expression in multiple regions of SCZ patient brains [22] [23] [24] 88 ], suggesting the functional involvement of QKI in SCZ etiology. Currently, molecular mechanisms that lead to the reduced QKI expression in the SZC brain remain elusive. Since QKI proteins are also expressed in non-myelinating glia, the reported reduction of QKI mRNAs in SCZ brains likely underestimates the quantitative deficiency of QKI in OLs. Among QKI mRNA isoforms, QKI-7 and -7b are preferentially reduced in SCZ brains [21] , indicating post-transcriptional misregulation of QKI and suggesting the preferential importance of these QKI isoforms in SCZ etiology. Interestingly, we found that the SCZ-associated SNP in intron 7b potentially ablates a splicing enhancer site, which may alter binding of some splicing factors, based on sequence prediction using the RESCUE method, which is commonly applied in the splicing field [89, 90] . Whether this is an underlying factor for the differential reduction of QKI isoform mRNAs in SCZ remains undetermined at this point.
More importantly, QKI deficiency in SCZ is associated with reduced expression of mRNAs critical for OL and myelin development [21, 91] . Noticeably, several of these mRNAs harbor predicted QREs, and therefore are likely direct targets of QKI [21] . The best examples include the mRNAs for MBP, MAG and PLP, which are functionally validated QKI targets in mice. Hence, QKI deficiency may serve as an underlying factor for the impairment of OL and myelin development in SCZ. Despite the reduced QKI expression in SCZ in general, patients treated with typical antipsychotics harbor relatively higher levels of QKI mRNA as compared with patients treated with atypical antipsychotics [21] . This observation suggests that some antipsychotics may also modulate myelination in addition to regulating dopaminergic signaling in neurons. Future studies are needed to investigate how antipsychotics may regulate QKI expression, and whether this may help to improve the deficiency in myelin development in SCZ patients, especially considering the fact that the first episode of SCZ is often diagnosed in young adults when myelination is not completed in the frontal cortex [92, 93] .
The most prevalent human demyelination disorder is MS, which affects more than two million people in the world [94] . This devastating disease results from repetitive autoimmune attacks that destroy CNS myelin, often leading to permanent neurological disabilities due to the damage of neuronal axons as a result of the loss of protective myelin [95, 96] . Efficient repair of the damaged myelin is the ultimate solution for the treatment of MS. Unfortunately, no current therapies enhance remyelination. In fact, molecular and cellular mechanisms that control myelin repair in the adult CNS remain largely unknown, which is an obvious hurdle in developing strategies against MS. The generation/proliferation of OLPs, migration of OLPs to the lesion, differentiation to mature OLs and the ensheathment of demyelinated axons most likely recapitulates the process in neonatal myelin development (Figure 2 ). Considering the essential roles of QKI in OL lineage development and myelinogenesis, the functional importance of QKI can be predicted for myelin repair. However, QKI expression declines to low levels in the adult brain after the completion of CNS myelination, which likely functions to maintain the integrity of formed myelin sheaths and axonal conductance [15] . Whether and how QKI is upregulated in adult OLPs to advance migration/differentiation of OLPs and repair the damaged myelin in CNS lesions still remain elusive. Whether increased QKI expression, for instance in OLs of the Flag-QKI-transgenic mice, may enhance myelination and repair is an important issue to be addressed by future studies. In addition, the recent discovery that the g chain of immunogloblin Fc receptor-Fyn signaling is critical for myelin repair [97] raises an intriguing possibility for the involvement of Src-PTK-dependent phosphorylation of QKI in myelin repair.
Conclusion
A convincing set of evidence derived from molecular, cellular and animal studies has demonstrated that post-transcriptional regulation by the selective RNA-binding protein QKI is necessary and sufficient for CNS myelin development, which in turn governs the rapid conduction of nerve impulses in the brain. Although the entire pool of OL-specific QKI mRNA targets have not been identified, at various key points of development QKI appears to regulate distinct mRNA targets in OLs to promote myelinogenesis (Figure 2) . A combination of regulations at the level of transcription and alternative splicing generates multiple QKI isoform proteins at different stages of OL development, which display distinct subcellular distribution. These QKI isoforms act at different post-transcriptional steps and exert differential influences, sometimes even opposing effects, to regulate the homeostasis and subcellular localization of their mRNA targets. The vigorous regulation of QKI isoform expression, together with the phosphorylation-dependent modulation of QKI's RNA-binding activity, suggests that QKI is a pivotal factor that mediates extracellular and developmental signals to regulate the cellular behavior of a broad spectrum of mRNA species during myelin development. More importantly, recent genetic and molecular discoveries identify QKI as a susceptibility factor for the etiology of myelin impairment in psychiatric disorders represented by SCZ, thus extending the significance of QKI-related research beyond the scope of myelin biology.
Executive summary

Introduction
• The selective RNA-binding protein QKI plays important roles in posttranscriptional regulation of its bound mRNA ligands.
• Many bioinformatically identified QKI mRNA targets encode key proteins that govern normal cell growth and development.
• Accumulating evidence indicates the functional requirement of QKI, particularly in oligodendrocyte (OL) development and CNS myelination.
• Recent discoveries suggest that QKI is a potential susceptibility factor for schizophrenia (SCZ) and QKI deficiency may contribute to the myelin defect in SCZ and multiple sclerosis (MS).
Essential roles of QKI in advancing oligodendrocyte development & CNS myelination
• Identification of the qk v spontaneous dysmyelination mutation and reduced expression of QKI in qk v -mutant OLs is the first indication for the functional importance of QKI in CNS myelination.
• Expression of a QKI transgene specifically in OLs can rescue the dysmyelination and tremor phenotype of qk v mice, indicating that QKI is necessary for CNS myelinogenesis.
• Manipulating QKI expression demonstrates that QKI is also necessary and sufficient for promoting OL progenitor cell differentiation before actual myelination.
QKI regulates distinct mRNA targets at different stages of oligodendrocyte development & myelination
• The QKI recognition elements located in the 3'-untranslated region mediate direct interaction of QKI with its mRNA targets.
• Alternatively spliced QKI isoforms are differentially expressed during OL and myelin development, which display distinct subcellular distribution and sometimes even opposing influence to the QKI mRNA ligands.
• QKI regulates distinct mRNA targets at different stages of OL and myelin development.
• QKI isoforms act at different post-transcriptional steps to control mRNA homeostasis and subcellular localization in OL and myelin development.
Developmental regulation of QKI isoforms: a double play of transcription & splicing
• The qk v mutation affects an OL-specific transcriptional mechanism of qkI, likely due to the loss of an undefined OL-specific enhancer.
• The QKI primary transcript is subjected to extensive alternative splicing. The diverse mismatches from the consensus sequence at the predicted weak 3' splice acceptor sites of QKI suggest regulation by splicing factors.
• The expression levels of many splicing factors are vigorously regulated during OL differentiation, which may control the developmentally programmed splicing of QKI.
Phosphorylation of QKI: linking signal pathways to mRNA behavior
• QKI can be phosphorylated by the Src family protein tyrosine kinases (Src-PTKs), which negatively regulate QKI-RNA interaction.
• Fyn is the major Src-PTK in developing OLs, and Fyn deficiency results in posttranscriptional abnormality of QKI mRNA ligands and CNS hypomyelination.
• Fyn activity is increased during OLP differentiation but declines in the most active phase of myelin synthesis.
• A working hypothesis is proposed regarding the functional significance of Fynmediated negative regulation of QKI's RNA-binding activity in early OLP differentiation and accelerated myelinogenesis.
QKI & myelin disorders: potential roles of QKI in schizophrenia & myelin repair
• Chromosome 6 contains susceptibility loci associated with SCZ, including the human QKI locus at 6q26.
• QKI isoforms are differentially reduced in the postmortem brain of SCZ patients, which correlates with decreased QKI mRNA ligands in myelination.
• QKI is upregulated in SCZ patients treated with typical antipsychotics.
• The essential function of QKI in bona fide neonatal myelin development suggests that it may also play critical roles in myelin repair in demyelination diseases represented by MS.
Conclusion
• QKI is necessary and sufficient for OL and CNS myelin development.
• Tight regulation of QKI isoform expression and activity allows QKI to exert differential influences on distinct mRNA targets at various key steps of OL development, which forms a pivotal pathway to advance myelinogenesis.
• The genetic alterations in the human QKI locus and deficiencies in QKI expression associated with SCZ suggest the involvement of QKI in the etiology of SCZ, possibly as an underlying mechanism for myelin impairment.
Future perspective
• Further delineating the molecular interaction between QKI isoforms and their RNA ligands and identification of QKI's functional targets specifically in OLs should provide important insights in understanding the function of QKI in normal myelinogenesis as well as the pathological impact of the QKI pathway in myelin defects in SCZ.
• The potential role of QKI in myelin repair after demyelination is an intriguing question to be explored, which may help to develop novel strategies against MS.
Several prevailing questions in understanding the function of QKI still remain to be answered. Despite the extensive ana lysis of QRE for direct interaction with QKI in vitro, how the functional domains in QKI interact with RNA requires the solution of the 3D structure of QKI. Regarding the in vivo situation, whether RNA sequences adjacent to the QRE may modulate QKI binding, perhaps by recruiting other RNA-binding proteins specifically expressed in OLs, is unknown. In addition, the full capacity of developmental stage-specific mRNA targets of QKI in OLs still remains elusive. Furthermore, molecular mechanisms that control QKI isoform expression and activity, which can be predicted to include OL-specific transcription factors, splicing factors, as well as signaling pathways that govern phosphorylation and/or other post-translational modifications of QKI, are poorly understood. Considering the pathological involvement of QKI, how QKI expression is affected in SCZ and whether malfunction of the QKI-pathway indeed underlies the myelin defects in SCZ need to be determined. Moreover, despite the essential role of QKI in the de novo myelinogenesis during neonatal development, whether and how QKI may also promote myelin repair after demyelination in adults is an intriguing possibility that may lead to identification of a new therapeutic target against MS. It is important to note that QKI defects are not limited to myelin disorders. Genetic deletions in the QKI locus have also been associated with human glioblastoma [85, 98] and some cases of autism [99] . QKI function is also implicated in ataxia in one of the ENU mutant mouse lines, suggesting a possible connection to human ataxic diseases [1, 34, 100] . Therefore, further investigations are warranted to delineate the molecular mechanisms by which the QKI pathway governs normal brain development and function and how QKI malfunction impacts various human CNS diseases. This highlights the extended RNA-binding domain, composed of the QUA1, KH and QUA2 regions that mediate dimerization and RNA-binding, respectively. The alternatively spliced exons and unique C-terminal amino acids in human QKI proteins are illustrated. Note, a NLS is encoded by the unique exon 7c in QKI-5, which is underlined in the QKI-5 C-terminal amino acids. The amino acids in QKI-5, -6 and -7 are 100% identical in mouse and human. The mouse QKI-7b sequence is GKYDSCTM, referred to as QKI-G previously [8] . NLS: Nuclear localization signal.
Figure 2. Hallmark steps in oligodendroglia lineage development with drastic morphological changes before ultimate myelin formation
Representative QKI mRNA targets that are critical for OL and myelin development are listed below the relevant steps. Among these QKI targets, the functional influence of QKI is predicted for human Sox10, PLP, MBP and MAG based on postmortem studies of schizophrenia brain. All the indicated QKI targets, except Sox10, are functionally validated in mouse models. The full name of the QKI target mRNAs and their function are described in detail in the text. MAG: Myelin associated glycoprotein; MBP: Myelin basic protein; NSC: Neural stem cells; OL: Oligodendrocyte; OLP: Oligodendroglia progenitor cells; PLP: Proteolipid protein. Fyn activity is increased during OLP differentiation when QKI-5 is the predominant isoform, which presumably reduces the RNA-binding activity of QKI-5. This may offer a means to release nuclear retention of QKI's target mRNA. By contrast, the developmentally programmed decline of Fyn activity during accelerated myelinogenesis correlates with increased expression of cytoplasmic QKI isoforms. This conceivably may increase QKI's RNA-binding activity, which in turn may protect QKI's mRNA targets from degradation represented by accelerated accumulation of the myelin basic protein mRNA. OLP: Oligodendroglia progenitor cells.
